Microfluidic devices have been widely used since 1990s for diverse manipulations of particles (a general term of beads, cells, vesicles, drops, etc.) in a variety of applications. Compared to the active manipulation via an externally imposed force field, the passive manipulation of particles exploits the flow-induced intrinsic lift and/or drag to control particle motion with several advantages. Along this direction, inertial microfluidics has received tremendous interest in the past decade due to its capability to handle a large volume of samples at a high throughput. This inertial lift-based approach in Newtonian fluids, however, becomes ineffective and even fails for small particles and/or at low flow rates. Recent studies have demonstrated the potential of elastic lift in non-Newtonian fluids for manipulating particles with a much smaller size and over a much wider range of flow rates. The aim of this article is to provide an overview of the various passive manipulations, including focusing, separation, washing and stretching, of particles that have thus far been demonstrated in non-Newtonian microfluidics.
Introduction
Microfluidic devices have been widely used over the past two decades for diverse manipulations of particles (a general term of beads, cells, vesicles, drops, etc.) such as focusing [1, 2] , trapping/ concentration [3, 4] and separation [5, 6] in a variety of chemical, environmental and biomedical applications. They possess a number of advantages over their macroscopic counterparts such as increased efficiency, portability and environmental compatibility at a reduced cost of samples and operation [7, 8] . However, the majority of these devices have been tested with only particles suspended in aqueous buffer solutions that are Newtonian fluids with a constant viscosity. As a matter of fact, many of the real chemical (e.g., colloidal suspensions and polymer solutions) [9, 10] and biological (e.g., blood, saliva and DNA solutions) [11, 12] samples exhibit non-Newtonian characteristics such as shear thinning and viscoelasticity [13, 14] . Hence, there has recently been an growing interest in the fundamental and application studies of microfluidic particle manipulations in non-Newtonian fluids [15, 16] .
Compared to the active manipulation of particles via an externally imposed force field (e.g., acoustic [17] , electric [18] , magnetic [19] or optical [20] ), the passive manipulation exploits the flowinduced intrinsic lift and/or drag force to control particle motion with several advantages such as simplicity and autonomy [21] . Along this direction, inertial microfluidics has attracted tremendous attention since the pioneering study of Di Carlo et al. [22] due to its capability to handle a large volume of samples at a high throughput [23, 24] . This inertial lift-based approach in Newtonian fluids, however, becomes ineffective and even fails for small particles and/or at low flow rates where the particle Reynolds number becomes much smaller than 1 [25] . Recent studies have demonstrated the potential of elastic lift in non-Newtonian fluids for manipulating particles with a much smaller size [26] [27] [28] and over a much wider range of flow rates [29] than in Newtonian fluids. Moreover, the combination of elastic lift with inertial lift can greatly enhance the particle control in microchannels at increasing flow rates [30, 31] .
The aim of this article is to provide an overview of the diverse applications of the flow-induced lift and/or drag force to passive particle manipulations in non-Newtonian microfluidic devices. The fundamental investigations of particle motions in nonNewtonian fluids, including the sedimentation in stationary fluids and the cross-stream migration in flowing fluids, are not discussed here. The readers are suggested to refer to the review articles from Leal [32, 33] and Brunn [34] as well as the book chapter from McKinley [35] for those early-date studies of particle motions in stationary non-Newtonian fluids and in non-Newtonian fluid flows through cylindrical pipes with a diameter of the order of few millimeters. The readers are also suggested to refer to the review articles from D'Avino & Maffettone [15] and D'Avino et al. [16] for the recent advancements in the fundamental understanding (primarily numerical [e.g., 36-42]) of particle motions in non-Newtonian fluid flows through straight microchannels of various shapes.
This article is organized as follows. Section 2 presents a brief background of the common non-Newtonian fluids and the flow induced lift and drag forces as well as the non-dimensional numbers that are often defined for particle transport and manipulations in microchannel non-Newtonian fluid flows. Section 3 reviews the particle focusing phenomena in the flow of viscoelastic fluids through straight cylindrical and rectangular microchannels as well as rectangular microchannels with curved fluid streamlines. Section 4 reviews the sheath-focusing and sheath-free approaches to continuous particle separation in viscoelastic fluid flows based on the difference in particle size, shape or deformability. Also reviewed are the hybrid approaches that integrate passive viscoelastic focusing and active magnetic deflection to separate particles based on particle magnetization and/or size. Section 5 reviews a couple of other particle manipulations including washing and stretching in non-Newtonian fluids that are enabled by the crossstream migration and focusing in microchannel flows. Section 6 concludes the article with some perspectives on future research directions in the field.
Background

Non-Newtonian fluids
Many biological and chemical fluids possess non-Newtonian characteristics [43] , where the former include blood [44] [45] [46] , plasma [47] , saliva [48, 49] , hyaluronic acid (HA) [50, 51] and DNA solutions [52, 53] , etc. With high-concentration blood cells, blood exhibits viscoelastic and shear-thinning effects due mostly to the highly deformable and elastic properties of red blood cells (RBCs) as well as their reversible aggregations under shear strain [44] [45] [46] . With blood cells being removed, liquid plasma still displays a weak viscoelastic effect due to the presence of rich biomolecules (e.g., proteins and glucose) while its viscosity remains nearly constant in a wide range of shear rates [47] . Saliva is an aqueous mixture of high molecular-weight mucins and other biomolecules that both contribute to the fluid viscoelasticity and shear-thinning [48, 49] . To date, the only naturally occurring solutions that have been used for studies of particle motion in non-Newtonian microfluidics are HA and DNA solutions. HA is found in many biological systems such as synovial fluids in joints for the prevention of high-load impacts [50] . DNA solution is strongly viscoelastic because of the long relaxation time of DNA molecules [54] .
Non-Newtonian chemical fluids are usually made of synthetic polymer powders, which are less expensive and have more stable rheological properties than biofluids [55, 56] . The most-often used ones in academic research include polyvinylpyrrolidone (PVP), polyethylene oxide (PEO) and polyacrylamide (PAA) solutions, which are all biocompatible and have been extensively used in microfluidic devices [57, 58] . They are prepared in water or any aqueous buffer solution (for a further enhanced biocompatibility), whose viscosity can be tuned by being mixed with glycerol (or other chemicals) at different (weight or volume) ratios. Among the three types of common polymers, PVP has a relatively small molecular weight (e.g., 360 kDa) and its solutions can be safely considered as a viscoelastic Boger fluid with a nearly shear rateindependent viscosity [59, 60] . PEO has an intermediate molecular weight (e.g., in the range of 1000-4000 kDa), whose solution is strongly viscoelastic with a weak (in the dilute regime, where the PEO concentration is below the overlapping concentration) to mild (in the semi-dilute regime) shear-thinning effect [61] [62] [63] . PAA has the largest molecular weight (e.g., 18 MDa) and hence its solution has the strongest viscoelasticity and shear-thinning effects (among the above three polymer solutions) even at relatively low concentrations. Moreover, PAA solution possesses a non-negligible second normal stress difference, which has been demonstrated to produce a secondary flow over the channel cross-section affecting the motion of particles suspended therein [64] . A variety of constitutive models has been developed to describe the flow of polymeric fluids, among which the often used ones are the power-law, Oldroyd-B (OB), Giesekus and Phan-ThienTanner (PTT) models. The readers are referred to the two-volume book of Bird et al. [55] and the review article from Bird and Wiest [65] for the various constitutive equations and their merits and shortcomings.
Non-dimensional numbers
The motion of particles in microchannel non-Newtonian fluid flows is often characterized by the following dimensionless numbers. The inertial effect on fluid and particle motions is measured by the (channel) Reynolds number, Re, and the particle Reynolds number, Re p , which both compare the inertial force to viscous force,
In the above q is the fluid density, V is the average fluid velocity, D h is the channel's hydraulic diameter, g 0 is the zero-shear fluid viscosity, and b is the dimensionless particle blockage ratio with d being the (equivalent) spherical diameter of particles. The viscoelastic effect on fluid and particle motions is measured by the Weissenberg number, Wi, which compares the elastic force to viscous force,
with k being the relaxation time of the fluid and _ c ¼ 2V=D h the average fluid shear rate over the channel cross-section. Another often used dimensionless number for viscoelastic effect is the Deborah number, De, which is defined as the ratio of the fluid relaxation time to the characteristic time of an experimental observation (or a numerical simulation) [15, 16] , t p , i.e.,
These two numbers are of the same order in magnitude and sometimes deemed interchangeable in the literature [66] . The viscoelastic effect can also be characterized by the elasticity number, El, which is the ratio of the Weissenberg number (or Deborah number) to Reynolds umber, or equivalently the ratio of the elastic force to inertial force, and hence independent of flow kinematics,
Flow-induced forces
A (viscoelastic) fluid flowing past a particle exerts a force on the particle due to the action of shear stress and pressure on its surface. This force, by tradition, is decomposed into the lift and drag components that are perpendicular and parallel to the flow direction, respectively. It is normally the former force component that drives the cross-stream particle motion enabling the passive manipulation of particles in microchannel flows. For convenience, the lift force induced in a viscoelastic fluid flow is often broken down into the inertial lift, F iL due to fluid inertia, and the elastic lift, F eL due to fluid elasticity, which are both briefly explained below. We will also briefly explain the drag force due to the secondary flow in the channel cross-section that may contribute to particle manipulations in non-Newtonian microfluidic devices.
Inertial lift
The dominant inertial lift has been proved to consist of two opposing components for a neutrally buoyant particle [33, 67] . The wall-induced inertial lift, F iL w , is a result of the asymmetric distribution of wake vorticity around a near-wall particle, which increases the fluid pressure in the particle-wall gap and hence pushes the particle away from the wall. It decreases with the increasing particle-wall distance and vanishes along the symmetric axis (or plane) of a confined channel [68, 69] . The shear gradientinduced inertial lift, F iL s , is a result of the curvature of the fluid velocity profile, which directs a particle away from the channel center. It increases from zero at the channel center and gets the largest at the channel wall where the fluid shear rate is the highest [21] . These two inertial lift components act together to lead to equilibrium particle positions in confined channels [23] [24] [25] . For example, particles are inertially focused to either an annulus in a straight cylindrical channel that is about 0.6 times the radius from the center [70] , or multiple symmetric equilibrium positions in a straight rectangular microchannel that are at the centers of the channel faces [71] and/or near the corners [72] .
It has been well accepted in the literature [21] [22] [23] [24] [25] that the dominant inertial lift, F iL ¼ F iL w þ F iL s , scales as [73] 
where the non-dimensional inertial lift coefficient, C iL , is a function of Reynolds number and the normalized particle position over the channel cross-section. Di Carlo et al. [74] have recently revised the scaling of F iL for a particle near the wall or the centerline of a straight square microchannel. More recently, Liu et al. [75] have proposed fitting formulae to the direct numerical simulation (DNS) data of F iL for spheres in straight rectangular microchannels. In general F iL is found to play an effective role only when the particle Reynolds number reaches the order of 1 [21] [22] [23] [24] [25] . Other weaker inertial lift forces that are less studied in the literature include the rotation-induced Magnus force and the slip-induced Saffman force [76] [77] [78] . They are usually much smaller than the dominant inertial lift, F iL , unless, for example, a direct-current electric field is imposed to generate a strong electrophoretic slip velocity for pressuredriven particle motion [79] .
Elastic lift
The elastic lift, F eL , on a particle results from the non-uniform normal stress differences in viscoelastic fluid flows [80, 81] . The first normal stress difference, N 1 ¼ s 11 À s 22 , creates an extra tension along fluid streamlines [55] . The second normal stress difference, N 2 ¼ s 22 À s 33 , produces a secondary flow over the channel cross-section [82] . In these definitions, the normal stresses, s 11 , s 22 and s 33 , are in the translational direction, velocity gradient direction and rotational direction, respectively. As the magnitude of N 2 is much smaller than that of N 1 for most viscoelastic polymer solutions [83, 84] , we can use the Oldroyd-B model as a constitutive equation to evaluate N 1 [60] ,
where g p is the polymeric contribution to the solution viscosity. Fig. 1 shows the contours of the normalized _ c 2 in the cross sections of a cylindrical microchannel [85] (a) and a square microchannel [86] (c, note only the upper right quarter is displayed), respectively. The first normal stress difference, N 1 , becomes the smallest at the center in the cylindrical channel (Fig. 1a) while at both the center and the four corners in the square-shaped channel (Fig. 1c) .
When the magnitude of N 2 is negligible as compared to that of N 1 , the lateral flow-induced elastic lift, F eL , can be assumed solely proportional to the variation of N 1 over the size of a particle [87, 88] , i.e.,
where C eL is the non-dimensional elastic lift coefficient, and F eL points toward the region(s) with a smaller shear rate. The crosssectional vector plots of Àr _ c 2 , which is proportional to rN 1 based on Eq. (8) , are shown in Fig. 1 for both a cylindrical microchannel (b) and a square microchannel (d, only the upper right quarter is displayed). Therefore, F eL alone drives the particle toward the centerline in the cylindrical channel or both the centerline and the four corners in the square one. However, as both F iL in Eq. (7) and F eL in Eq. (9) are a strong function of flow rate (reflected by the fluid shear rate, _ c), the equilibrium particle position will vary with the increase of flow rate or fluid inertia. For example, the corner equilibrium position in a square microchannel has been demonstrated to disappear at an increased flow due to the increasing role of the wall-induced inertial lift [29, 30] .
Drag
The cross-stream drag force can have a strong impact on the position of moving particles in a viscoelastic fluid flow through a microchannel. It arises from the secondary fluid flow in the channel cross section that may be induced by either the streamline curvature [89] or the second normal stress difference of the fluid [82] . The former situation occurs in both a curving channel (e.g., serpentine or spiral shaped) and a straight channel with expansions and contractions, where the fluid inertia causes a Dean flow in the form of counter-rotating vortices in the channel cross section [90] . The strength of this flow is often characterized by the Dean number, Dn,
where R is the radius of curvature of the path of the channel. In addition, the non-zero second normal stress difference in a strongly elastic fluid (e.g., PAA solution) has been demonstrated to cause a rotational secondary fluid flow in the cross section of even a straight microchannel [64, 82] . In either circumstance, however, the secondary flow is usually very weak as compared to the primary fluid flow along the path of the channel, such that the Reynolds number based on the transverse particle migration velocity becomes small. Therefore, the cross-stream drag force, F D , on a particle, may be safely estimated using Stokes' drag as suggested by Di Carlo et al. [22] ,
where C D is the non-dimensional Dean drag coefficient.
Particle focusing
Particle focusing refers to the alignment of particles into either a two-dimensional (2D) plane or a three-dimensional (3D) line. It is often a necessary step prior to detecting, counting, analyzing and sorting particles for various microfluidic applications such as flow cytometers and continuous-flow sorters [1, 2] . It also helps avoiding particle adhesions to microchannel walls for an enhanced recovery rate, which is particularly important to precious samples. There have been numerous particle focusing methods developed in microchannel Newtonian fluid flows, and the readers are suggested to refer to the review papers from, for example, Huh et al. [91] , Chung and Kim [92] , Godin et al. [93] , and Xuan et al. [2] . What follows is a review of the particle focusing phenomena in the flow of non-Newtonian fluids through microchannels of various shapes.
Straight cylindrical microchannels
As viewed from Fig. 1b , the flow-induced elastic lift directs particles radially inward in a cylindrical channel, leading to eventually a focused particle stream along the centerline. Such a 3D focusing effect was first observed by Karnis et al. for sub-millimeter particles in circular pipes of millimeter-diameter in 1960s [94, 95] . It has been demonstrated effective for both micro particles [96] and submicron-sized Brownian particles [27] in cylindrical microchannels. It has also been recently utilized by Dannhauser et al. [97] to align erythrocytes for a continuous characterization of the morphological property of every individual cell. This viscoelastic focusing is affected by several factors including the fluid rheological properties (Wi), particle blockage ratio (b), flow rate (Re), and channel length etc. Seo et al. [85] measured using a holographic technique the position and concentration of polystyrene (PS) particles in an elasticity-dominant fluid (8% PVP) flow through a 300 mm-diameter circular pipe. The focusing effect at the centerline gets improved significantly for larger particles and at higher flow rates (Fig. 2a) . This trend was, however, reversed in 1% PEO solution (4000 kDa molecular weight), where the nearly singleline particle focusing in the same pipe at a low flow rate becomes worse at medium to high flow rates due to the fluid's strong shearthinning effects (Fig. 2b) [85] . In the latter experiment with the particle Reynolds number, Re p , being on the order of 0.1, the inertial lift, which alone focuses particles to the annulus of 0.6 times radius of a cylindrical channel [71] , may also play a role.
More interestingly, D'Avino et al. [98] observed in the same polymer solution (i.e., 1% PEO) a bi-stability focusing of PS particles at both the centerline and the wall of a cylindrical microchannel when the flow rate is small (Fig. 2c ). This phenomenon was also attributed to the substantial shear thinning effects of the suspending solution. In addition, Kang et al. [96] demonstrated an efficient particle focusing phenomenon in an extremely dilute DNA solution (0.0005 (w/v)% or 5 ppm) ( Fig. 2d) , which arises from the large size and long relaxation time of DNA molecules [52, 53] . To estimate the effectiveness of viscoelastic particle focusing in cylindrical pipes, Romeo et al. [99] proposed a dimensionless ''focusing" number, H, that has origins from early theoretical studies [34, 100] ,
where De is the Deborah number defined earlier, C ffi 2 is a constant,
2 are the first and second normal stress difference coefficients [101] , and f ðbÞ ¼ A þ Bb 2 accounts for the particle size (through the particle blockage ratio, b) dependence with A ¼ 6:6 and B ¼ À76 [99] . The accuracy of this nondimensional parameter was verified by comparing the calculated particle fractions with the experimental measurements in a cylindrical capillary [99] . A similar ''focusing" number was also proposed by Seo et al. [85] .
3.2. Straight rectangular microchannels 3.2.1. Slit-like microchannels The earliest study of particle manipulation in non-Newtonian fluid flows through rectangular microchannels was performed by Leshansky et al. [88] , who demonstrated a tunable viscoelastic focusing of particles in a shallow microchannel (45 mm high, 1000 mm wide) in dilute polymer solutions. In such a slit-like channel, the flow becomes essentially 2D with insignificant corner effects, and hence the elastic lift force directs particles toward the midplane (Fig. 3a ) [102] [103] [104] . The observed lateral migrations are well explained by a simple 2D theory based on scaling arguments for particles of different sizes in both 8% PVP and 45 ppm PAA (mixed with 76 wt.% glycerol) solutions at various flow rates ( Fig. 3b ) [88] . Seo et al. [102] have recently utilized this 2D viscoelastic focusing to place RBCs in phosphate buffered saline (PBS)-based 3% PVP solution to the focal plane of a holographic microscope for quantitative phase imaging. Moreover, as schematically shown in Fig. 3c , the moment of the elastic lift forces from the top and bottom walls of the microchannel re-orient RBCs to align their major axis with the flow (Fig. 3d) . In both experiments, Re p is so small that the inertial effects are negligible.
3.2.2. Square microchannels 3.2.2.1. Polymer fluids. Particle focusing in polymer fluid flows through straight square microchannels has thus far been studied the most in the literature. Yang et al. [30] proposed the concept of elasto-inertial particle focusing, which, as viewed schematically in Fig. 4a , integrates inertial focusing (i.e., Re > 0 and Wi % 0) and elastic focusing (i.e., Re % 0 and Wi > 0) to align particles in viscoelastic fluid flows along the centerline of a straight microchannel at Re > 0 and Wi > 0. This sheathless particle focusing technique was demonstrated by the authors [30] using 5.9 mm diameter PS particles in the flow of 500 ppm PEO solution through a 50 mm wide square microchannel. As illustrated in Fig. 4b , the equilibrium particle positions in this mildly elastic fluid (with the elasticity number, El ¼ 21:51) are located at the channel center and corners at low flow rates. They reduce to one single stream along the centerline at the flow rate of 0.20 ml/h (Re ¼ 0:37 and Wi ¼ 8:04) that then spreads out at even higher flow rates due to the increasing inertial effects. A similar trend was also reported in the paper from Del Giudice et al. [105] , where a flow rate-enhanced centerline focusing was observed for 10 mm diameter particles in a PVP solution with El ¼ 49 through a 50 mm wide square microchannel. Moreover, the measured particle fractions in different concentric bands of the channel cross section can be rescaled to a master curve by the use of the dimensionless focusing number, H in Eq. (12) , that was originally derived for cylindrical channels [99] .
However, the elasto-inertial particle focusing does not work very well if the suspending fluid has either a strong elasticity or a strong shear thinning effect. Yang et al. [30] reported that particles have multiple equilibrium positions in a strongly elastic PVP solution (8% with the elasticity number, El ¼ 258) over a wide range of flow rates (Fig. 4c) . This observation is consistent with that of Seo et al. [86] in the same fluid. Del Giudice et al. [106] found that in a strongly shear-thinning PEO (1.6%) solution the equilibrium particle position shifts from the centerline toward the four corners at the increasing flow rate (Fig. 4d) . Seo et al. [86] also found a significantly weakened particle focusing efficiency in 1% PEO solution. A comprehensive parametric study of the fluid rheology effects on elasto-inertial particle focusing has been recently reported by Song et al. [107] in terms of three dimensionless numbers (Re, Wi, and El). Another work worthy of notice is from Kim et al. [26] , who demonstrated a strong viscoelastic focusing of submicron particles in 500 ppm PEO solution toward multiple equilibrium positions in a 5 lm wide square channel (Fig. 4e) . This work indicates the potential to elastically focus bacterial cells, which are usually too small to be effectively manipulated with fluid inertia, in straight microchannels.
3.2.2.2. Biofluids. Viscoelastic particle focusing has also been demonstrated in biofluids including DNA and HA solutions. DNA molecules usually have a much longer relaxation time than synthetic polymers due to their structural rigidity. DNA solutions are therefore more elastic and able to sustain an effective particle focusing at higher flow rates than in polymer solutions. They are also strongly shear thinning unless the DNA concentration is very low ( 10 ppm) as viewed from the plot of viscosity vs. shear rate in Fig. 5a [108] . Fig. 5b shows the experimental images of a heterogeneous three-particle mixture in 5 ppm k-DNA solution at a range of flow rates. The equilibrium particle positions are found to experience a similar shifting to those in polymer solutions with increasing flow rates [30] , i.e., from multiple at the centerline and four corners to one at the centerline that then dispersed. In another study Lim et al. [29] demonstrated an extremely high-throughput particle focusing in the flow of weakly elastic HA solutions. They observed deterministic particle migration in 0.1% HA solution (1650 kDa molecular weight) toward the centerline of an 80 mm wide square microchannel over a wide range of flow rates with 10 6 Re 6 10; 000 (Fig. 5c ). This inertio-elastic particle focusing at Re well beyond the upper limit for inertial focusing in a Newtonian fluid [21] [22] [23] [24] [25] is attributed to the viscoelastic tension along fluid streamlines (due to the first normal stress difference) that stabilizes the flow and delay its transition to turbulence (Fig. 5d) .
Rectangular microchannels
Elasto-inertial particle focusing becomes more interesting in rectangular microchannels with an intermediate aspect ratio, AR ¼ width=height, than in slit-like and square ones. This is because the elastic lift, F eL in Eq. (9), and inertial lift, F iL in Eq. (7), are both a strong function of fluid shear rate that varies significantly with AR in the channel cross section. The competition of these two lateral forces [109] (Fig. 6a) has been demonstrated to result in fluid and particle properties dependent equilibrium positions in straight rectangular microchannels. Liu et al. [110] observed in a straight rectangular microchannel with AR ¼ 2 differential elasto-inertial focusing of 5 mm and 15 mm diameter particles in 2000 ppm PEO solution (Fig. 6b) . In a certain range of flow rates the larger particles are focused to two equilibrium off-center positions that are symmetric about the single equilibrium position of the smaller particles along the channel centerline. Moreover, the focusing positions of both types of particles exhibit a shifting from multiple (centerline and corners) to one (centerline) and then to two with the increase of flow rate. Xiang et al. [111] later reported in a rectangular microchannel with AR ¼ 3 multi-train elasto-inertial focusing of 10 mm diameter particles in 500 ppm PEO solution at three different positions of the vertical plane (Fig. 6c) . They proposed a four-stage mechanism to explain the observed shifting of equilibrium particle positions with the increase in flow rate (Fig. 6d) , which is, however, unable to fully explain the experimental observations in a rectangular microchannel with AR ¼ 2 (Fig. 6e) . In another study Kim et al. [26] demonstrated a weak centerline focusing of DNA molecules in 500 ppm PEO solution in a 30 mm wide, 10 mm high rectangular microchannel.
3.3. Rectangular microchannels with curved streamlines 3.3.1. Spiral microchannels Lee et al. [112] introduced a multiplex particle focusing phenomenon in a viscoelastic fluid flow through a spiral microchannel that arises from the hydrodynamic interaction between the viscoelastic lift and the Dean drag (Fig. 7a) . They observed singleline focusing of PS particles with a range of diameters at the outlet of a rectangular 10-loop single-spiral microchannel in dilute PEO solutions (Fig. 7b) . Moreover, the larger particles were found to move closer to the outer wall than the smaller particles due to the dissimilar size-dependences of elastic lift (inertial lift was assumed small) and Dean drag. Xiang et al. later [113] performed a systematic study of elasto-inertial particle focusing in rectangular single-spiral microchannels over a wide range of flow rates, channel aspect ratios and channel radii. They found that with the increase of flow rate, particles undergo a dynamic process developing from dispersion to single-line focusing and finally multiplestreak defocusing (Fig. 7c) . They also proposed a six-stage process model to explain the observed particle focusing process in Deancoupled elasto-inertial flows. In a recent study Liu et al. [28] demonstrated a high-quality focusing of various nanoparticles in PEO solutions of low molecular weight that can offer sufficient elastic forces while at minimized shear thinning effects. They achieved an over 80% focusing efficiency for both 100 nm diameter PS particles (Fig. 7d) and k-DNA molecules in the flow of PEO solution with a molecular weight of 0.6 MDa through a double-spiral microchannel. They observed a decreasing focusing efficiency with the increase of PEO molecular weight (up to 4 MDa) [28] .
Straight microchannels with side-wells
Cha et al. [114] demonstrated a single-stream particle focusing in an inertialess flow of 6.8% PVP solution along the centerline of a straight square microchannel that is inserted with an array of square wells along each sidewall (Fig. 8a) . Under exactly identical experimental conditions, particles are instead focused to five equilibrium positions (i.e., at the centerline and four corners) if the side-wells are all removed (c.f., Fig. 4c ). The authors attributed their observed 3D particle focusing phenomenon to the combined action of hoop stress and elastic lift, where the former, which arises from the curved fluid streamlines in the grooved regions, plays a similar role to the inertial lift in elasto-inertial focusing (c.f., Fig. 4a ) by directing particles away from the corners (Fig. 8b) . Yuan et al. [115] later studied the particle focusing phenomena in both Newtonian (DI water) and non-Newtonian (500 ppm PEO solution) fluid flows through a straight rectangular microchannel with repeated triangular wells along one sidewall only (Fig. 8c) . They observed a single equilibrium particle position near the wall without side-wells in the PEO solution, which is distinctly different from that in DI water (Fig. 8d ). These differences were explained through the hydrodynamic interactions between the flowinduced lift (inertial lift in DI water while inertial lift and elastic lift in PEO) and Dean drag forces due to the introduction of the sidewells. Table 1 summarizes the various particle focusing phenomena in microchannel non-Newtonian fluid flows with the details of the important experimental conditions. The values of the dimensionless numbers, Wi and Re, for each work are also provided.
Summary
Particle separation
Particle separation refers to the division and sorting of particles into different sub-groups based on either extrinsic labels (e.g., fluorescent and magnetic tags) or intrinsic markers (e.g., particle morphology and electrical, mechanical properties etc.). It is critical to many biomedical, chemical and environmental applications such as diagnostics, therapeutics and cell biology [116] . A variety of microfluidic techniques, which rely on nearly every single force field that one can enumerate ranging from the ubiquitous gravity to acoustic, electric, hydrodynamic, magnetic and optical forces, have been developed to separate particles in a continuous flow of Newtonian fluids. The readers are suggested to refer to the recent review papers from, for example, Sajeesh and Sen [117] , Shields et al. [118] , Lee et al. [119] , and Yan et al. [120] . This section reviews the particle separation approaches that have been demonstrated in microchannel non-Newtonian fluid flows. 
Sheath-flow separation by size
Nam et al. [121] demonstrated a high-purity separation of 1 mm and 5 mm diameter PS particles in 500 ppm PEO solution through a straight square microchannel (Fig. 9a) . At the inlet trifurcation, the particle mixture in the suspension was focused toward the channel sidewalls by the central particle-free PEO sheath flow. The flowinduced elastic and inertial lift forces push the particles away from the sidewalls of the straight channel at a size-sensitive rate. As a result, the larger and smaller particles are sorted into the central and the two side branches, respectively, at the outlet trifurcation. The authors also applied their method to separate (smaller) platelets from dilute whole blood [121] . In spite of the variations in cell size, shape, and deformability, they still achieved a greater than 99.8% purity for the collected platelets. Lim et al. [64] later studied the effect of the second normal stress difference on this size-based sheath-flow particle separation in a similar structured rectangular microchannel (Fig. 9b, top row) . They found that in both 100 ppm PAA and 500 ppm PEO solutions, the larger 10 mm diameter particles can reach the channel centerline at the outlet due to the action of the elasto-inertial lift. However, the smaller 1 mm diameter particles were observed to spread across the entire cross section in the PAA solution, which is different from the phenomenon in PEO due to the effect of the rotational secondary flow. This secondary flow effect is more influential on small particles, which is further confirmed by the displacement of small and large particles that are initially focused toward the channel centerline in the same microchannel (Fig. 9b, bottom row) [64] .
In another study, Kang et al. [96] demonstrated a highly efficient separation of PS particles with four different diameters in the range of 1-10 mm in the flow of an extremely dilute k-DNA solution (5 ppm) through a straight 4 cm long, 50 lm wide square microchannel (Fig. 9c) . Due to its unique structural properties, DNA is an efficient elasticity enhancer that significantly promotes and segregates the lateral displacement of particles with subtle size differences for a high-resolution separation. As the microchannel in Fig. 9c has a similar structure to that used in pinched flow fractionation (PFF) [122] , Lu and Xuan [123] termed this separation technique elasto-inertial pinched flow fractionation (eiPFF). They performed a comprehensive study of multiple parametric effects on eiPFF in terms of dimensionless numbers including Re, Wi, El, AR and the sheath to particle flow rate ratio (Fig. 9d) . Interestingly, they found that the lateral displacement of 10 mm diameter particles from the (top) sidewall can be either smaller (at low flow rates) or larger (at high flow rates) than that of 3 mm particles in 1000 PEO solution in a rectangular microchannel with AR ¼ 2:0 (i.e., 50 mm wide and 25 mm deep). This phenomenon was not observed in the 50 mm wide channels with both AR ¼ 0:5 (i.e., 100 mm deep) and AR ¼ 1:25 (i.e., 40 mm deep), and had not been reported in the literature either.
Sheath-free separation by size
The first attempt of sheath-free separation in non-Newtonian fluid flows was made by Yang et al. [30] in a single straight square microchannel. Due to the strong dependence of elastic and inertial lift forces on particle size, large particles in 250 ppm PEO solution become well focused along the channel centerline at the outlet expansion leaving out smaller particles largely dispersed (Fig. 10a) . The result is a size-based enrichment of the large particles that can be collected along with part of the small particles into a central outlet [124] . A similar idea was later demonstrated by Yuan et al. [125] to extract plasma from diluted blood samples in PEO solutions via the 3D elasto-inertial focusing of blood cells in a straight rectangular microchannel with an array of triangular side-wells along one sidewall. In another study Nam et al. [126] proposed a two-stage microfluidic device for sheath-free particle separation in a viscoelastic fluid flow (Fig. 10b) . Particles are elasto-inertially focused to the centerline of a circular microchannel at the 1st stage and subsequently deflected by the elastic lift to size-dependent flow paths in two symmetrically arranged rectangular microchannels at the 2nd stage. The device was first tested with the separation of 5 mm and 10 mm diameter PS particles in a highly elastic 8% PVP solution at very low flow rates with Re < 0:01 [126] . It was later improved for the separation of tumor cells from leukocytes in a weakly elastic 0.1% HA solution at a throughput of 4 Â 10 5 cells/min (200 ml/min) [127] . Recently the authors have further revised their device by replacing the circular microchannel at the 1st stage with a slit-like microchannel and optimizing the dimensions of the rectangular microchannel at the 2nd stage. The new device was demonstrated to separate malaria parasites from a lysed blood in 0.1% HA solution at a flow rate of 400 ml/min with over 90% recovery rate and purity [128] . Sheath-free particle separation in viscoelastic fluid flows has also been implemented in single straight rectangular microchannels. Liu et al. [110] utilized the differential elasto-inertial focusing to separate PS particles by size in 2000 ppm PEO solution flows through rectangular microchannels with a high AR. They further applied their technique to separate MCF-7 cancer cells from RBCs in a 100 mm wide/50 mm high microchannel (i.e., AR ¼ 2:0), and RBCs from Escherichia coli (E. coli) in a 40 mm wide/10 mm high microchannel (i.e., AR ¼ 4:0) (Fig. 10c, top row) . In both experiments, the larger and smaller cells were observed to migrate to two off-center equilibrium positions and one centerline equilibrium position (Fig. 10c, bottom row) , respectively, which is consistent with the focusing phenomena of similar sized PS particles [115] . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) [110] . Later, Li et al. [109] presented a systematic experimental study of multiple parametric effects on a binary separation of 5 mm and 10 mm diameter PS particles in viscoelastic fluid flows through straight rectangular microchannels. They proposed to break down the elastic lift, analogous to that of the inertial lift into the wall-and shear gradient-induced components [21] [22] [23] [24] [25] , into a center-directed and a wall-directed component due to fluid elasticity and/or shear thinning effects for understanding the observed shifting of particle focusing positions. They also demonstrated a sheath-free separation of 3 mm, 5 mm and 10 mm diameter particles in 1000 ppm PEO solution in a 50 mm wide and 25 mm high microchannel (Fig. 10d) . Recently Liu et al. [28] has demonstrated a viscoelastic separation of 100 nm/2 mm PS particles and k-DNA molecules/platelets in 0.6 wt.% low-molecular-weight PEO solution through a 30 mm wide/4 mm high double spiral microchannel. The flow-induced elastic lift and Dean drag acts together to focus the nanoparticles and microparticles toward the channel center and sidewalls, respectively. A similar idea was also demonstrated earlier by Lee et al. [112] to separate 1.5 mm and 10 mm diameter PS particles in the flow of PEO solution through a single spiral microchannel.
Separation based on other intrinsic markers
There have been a few attempts in the literature to separate particles in viscoelastic fluid flows based on the difference in particle shape or deformability. Lu and Xuan [129] applied the technique, eiPFF, which had been demonstrated effective for sizebased particle separation [123] , to separate spherical and peanutshaped PS particles of nearly equal volume with a sheath-flow pre-focusing (Fig. 11a, top row) . They observed a larger deflection of 5 mm spheres from the wall than that of 3.5 mm diameter/6 mm length peanuts in 1000 ppm PEO solution in a straight rectangular microchannel of 50 mm width and 25 mm height [129] (Fig. 11a,  bottom row) . This phenomenon indicates the strong shapedependence of the flow-induced elasto-inertial lift, which, through a high-speed imaging of particle motion, is speculated to correlate with the rotational effects of non-spherical particles. Lu et al. [130] later found that the differential elasto-inertial focusing, which had been demonstrated to separate particles by size in a sheath-free manner [110] , is also capable of separating the spherical and peanut particles in 1000 ppm PEO solution flow at greater than 95% efficiency and purity (Fig. 11b) . It is because the two types of particles transit from single centerline equilibrium position to dual off-center equilibrium positions at different flow rates. This sheathless shape-based particle separation is, however, strongly affected by the flow rate (Re), PEO concentration (Wi) and channel depth (AR). Yang et al. [131] observed in an inertialess flow of PBSbased 6.8 wt.% PVP solution an inward migration of deformable RBCs toward the centerline of a straight 50 mm wide square microchannel. This is different from the center-and cornerdirected migrations of rigid PS particles due to the dominant cell deformability-induced lift over the elastic lift near the channel corners (Fig. 11c, left) . The authors used these phenomena to separate PS particles from RBCs (Fig. 11c, right) , and as well less deformable white blood cells (WBCs) from diluted whole blood with a high enrichment ratio.
Viscoelastic focusing-based magnetic separation
The flow-induced elasto-inertial effect in viscoelastic fluids has been utilized to pre-focus particles for a continuous sheath-free [132] first demonstrated such a hybrid separation in an H-shaped microchannel (Fig. 12a,  top) , where the buffer in the top branch is a particle-free solution for collecting the sorted magnetic particles. 10 mm magnetic and 20 mm diamagnetic particles are elastically focused in an inertialess flow of 0.5 wt.% polyacrylamide (PAM) solution through a 100 mm wide and 50 mm high microchannel prior to be separated at the outlet bifurcation by the use of a permanent (Fig. 12a, bottom) . The authors found that the pre-focusing enhances the deflection/ separation efficiency of magnetic particles and also has a positive effect in contrasting their sedimentation. Kim et al. [133] reported a two-step separation of diamagnetic particles by size using elastoinertial focusing and magnetophoresis in a mixed PEO (0.4 wt.%) and ferrofluid (0.1 Â EMG 408) medium (Fig. 12b) . In the first step, the PEO flow-induced elasto-inertial force focuses particles into a single stream along the centerline of a straight 50 mm wide square microchannel. In the second step, the ferrofluid-induced magnetic force deflects the particles away from the magnet toward sizedependent flow paths in a 250 mm wide rectangular chamber (Fig. 12b ). The authors also tested their device with two different-sized biological cells, Chlorella vulgaris and Synechococcus sp., and investigated the viability of cells after the separation [133] . A similar two-stage microfluidic sorter was later developed by Zhang et al. (Fig. 12c) , who demonstrated the benefit of using PEO-based ferrofluid by comparing the separation of 5 mm and 13 mm diameter diamagnetic particles therein with that in a conventional aqueous ferrofluid [134] . Table 2 summarizes the above-reviewed various particle separation methods in non-Newtonian microfluidic devices with the details of the important experimental conditions. The values of the related dimensionless numbers are also provided.
Summary
Other particle manipulations
Particle medium exchange
Particle medium exchange refers to the transfer of particles from one suspending medium to the other for their washing, coating or any other purposes [135] . As reviewed above, viscoelastic polymer solutions have been widely used to focus and separate PS particles of various sizes, shapes and properties (e.g., magnetization). Their applications to cells or other bioparticles are, however, still very limited due to the concern of biocompatibility [23, 24] . It is therefore desirable to transfer particles out of the non-Newtonian fluid stream, if at all possible, after the necessary manipulation therein (e.g., focusing and separation). Ha et al. [136] engineered the flow-induced elastic and inertial lift forces to transfer particles across a non-Newtonian stream and into a Newtonian stream (Fig. 13a, top row) . Such a cross-stream particle migration is due to the action of the elastic lift in the nonNewtonian fluid side and the inertial lift in the Newtonian fluid side, which together leads to a single stable equilibrium position within the Newtonian fluid stream (Fig. 13a, bottom row) . The authors used their device to demonstrate a simultaneous washing and separation of 9.9 mm diameter PS particles from 2.0 mm ones that are left behind within a dilute k-DNA solution due to their slower elastic migration (Fig. 13b) . In another independent study, Yuan et al. [137] observed a lateral migration of 4.8 mm diameter PS particles from 1000 ppm PEO solution into DI water in an inertialess flow through a straight 30 mm wide and 50 mm high rectangular microchannel (Fig. 13c) . They also studied the effects of channel length, flow rate and PEO concentration on such a crossstream transfer of particles.
Particle stretching
Particle stretching refers to the deformation of particles under a stress field, which has been often used to monitor and measure the mechanical properties of cells that are associated with, for example, their disease state [138] . Cha et al. [139] developed an efficient method to measure cell stretching in a cross-slot microchannel by the use of 3D viscoelastic focusing (Fig. 14a) .
The flow-induced elastic lift in a biocompatible (PBS-based 6.8% PVP solution) viscoelastic suspending medium aligns cells along the centerline of each 50 mm wide square input branch of the cross-slot. As such, the majority of the focused cells can be delivered to the stagnation point of the cross-slot and stretched by the extensional flow that is formed by the symmetric fluid flows from/to the two input/output branches, respectively. Moreover, this cell stretching is free of rotation because the stagnation point is along the shear-free centerline of the microchannel. This method has been demonstrated to stretch RBCs [139] and Chinese hamster ovary (CHO) cells [140] (Fig. 14b) . In another interesting work, Lim et al. [29] reported a simultaneous focusing and stretching of WBCs in weakly elastic HA solutions along the centerline of a single straight square microchannel at high throughput. This phenomenon results from the combined actions of the flow-induced elastic lift (for cell focusing) and the normal stress difference-induced additional tensile stress along fluid streamlines (for cell stretching). Moreover, the rheological properties of the HA solution can be tuned to generate an optimal balance between cell focusing and stretching over a wide range of Reynolds numbers (Fig. 14c) . [110] , Ó 2015 American Chemical Society. (d) Images at the inlet/outlet and probability distribution function (PDF) at the outlet expansion for a ternary particle separation in 1000 ppm PEO solution through a straight 50 mm wide and 25 mm high rectangular microchannel. Adapted with permission from Li et al. [109] , Ó 2016 American Chemical Society. Table 3 summarizes the recent demonstrations of particle washing and stretching in non-Newtonian microfluidic devices with the details of the important experimental conditions.
Summary
Conclusions and perspectives
The diverse particle manipulations, including focusing, separation, washing and stretching, in non-Newtonian microfluidic devices have been reviewed in this article. As viewed from the dimensionless numbers summarized in Tables 1-3 , the majority of these operations are demonstrated only in low Re (on the order of 1 or less) flows where the inertial effect is either negligible or still weak as compared to the elastic effect. Interestingly, they all take place in particle suspensions based on synthetic polymers (i.e., PEO and PVP, etc.), where the value of Wi is usually at least one order of magnitude greater than that of Re (or in other words, the elasticity number, El, is on the order of 10 or more). In contrast, the few particle manipulations that can still work effectively in high Re (on the order of 10 or more) flows rely on the elasticity of either DNA or HA solutions. In both types of biofluids, however, the value of Wi is still (at least) one order of magnitude different from that of Re. It therefore remains unknown for particle motions in microchannel non-Newtonian fluid flows with comparable elastic and inertial effects, i.e., El $ 1. Moreover, the quantitative theoretical/numerical understanding and simulation of the experimentally observed particle behaviors are still largely lacking due to the complexity of the problem itself that requires the further development of both efficient algorithms and accurate constitutive equations. Other aspects that may be worthy of future studies include the migration of deformable particles in viscoelastic fluid flows through microchannels, and the integration of the passive flow-induced elasto-inertial force with an active externally-applied force for the manipulation of particles with desirable acoustic, electric or optical properties, etc. 
